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Abstract

Desiccated microclimates offer an effective method of managing safe storage of archae-
ological metals. They utilise simple hardware that can produce low relative humidity
(RH) environments on a small scale to control post-excavation change in objects. Previous
studies have highlighted the complexity of decision-making when setting up desiccated mi-
croclimates involving many factors that can impact on their performance. These include the
design of the container used to house the microclimate, the ambient external atmosphere,
the target internal RH, the amount of silica gel used and its regeneration schedule. This
paper builds on that understanding by replicating reported sector-wide variations in how
silica gel is used within desiccated microclimates. The desiccation efficacy, rate of change
in RH and response to short-term fluctuations have been examined by monitoring the RH
in polypropylene containers when silica gel is used loose, in polythene bags and Tyvek®
bags. The effect of variables in the use of polythene bags to hold silica gel, including the
distribution of bags and the number and size of holes in bags has also been investigated.
Results indicate that these variables impact rates of change in RH and how effective the
desiccated microclimate is at buffering external RH fluctuations. All tests reinforce the im-
portance of airflow between the silica gel and the microclimate. Where airflow is restricted,
the ability of the microclimate to desiccate the environment below lowest known corrosion
thresholds (15% RH) is compromised. The practical implications of the results have been
discussed to support decision-making and guidance is offered on best practice.

Keywords: storage; desiccated microclimates; management; archaeological metals; relative
humidity; silica gel

1. Introduction

The safekeeping of archaeological metals in storage and on display presents significant
management challenges for heritage sector professionals. Electrochemical corrosion occur-
ring in the post-excavation environment can result in loss of metallic cores and formation
of voluminous corrosion compounds that threaten the physical integrity of objects [1,2].
The primary aim of management of archaeological metal objects is to prevent loss of metal
collections by controlling post-excavation corrosion. By identifying the mechanisms driving
corrosion of archaeological metals, it is possible to develop methods of controlling un-
wanted change in objects [3]. A substantial body of research has collectively created a good
understanding of the variables responsible for corrosion once objects are excavated [4-7].
From these, distinct or combined methods have been developed and adopted in practice,
targeting the intrinsic and extrinsic variables responsible for corrosion.
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For iron and copper alloys, chloride and chloride bearing compounds resulting from
their corrosion in the burial environment are particularly problematic. They support
a range of corrosion mechanisms that influence and lower the RH corrosion threshold.
Strategies to prevent corrosion include removal of chloride or chloride compounds within
the complex corrosion profiles of objects [8-11] or preventing interaction between the
object and atmospheric oxygen or water by application of coatings or inhibitors [12-15]
or by controlling the environment around the object. A quantitative relationship between
corrosion rate and the amount of atmospheric water, measured as relative humidity (RH),
has been proven [11,16-19] and controlling RH offers a readily achievable technique for
controlling corrosion. Desiccating the environment can reduce the rates at which post-
excavation corrosion occurs [7,11,17,18] and when the RH falls below critical thresholds,
electrolytic corrosion cannot be supported [20]. These thresholds are different for different
metals but must be considered low. For example, corrosion has been measured at 15% RH
and 28% RH when simulating post-excavation corrosion mechanisms for archaeological
iron and copper alloys containing chlorides and/or chloride compounds [17,18,21]. An
effective management system that uses desiccation to control corrosion should achieve and
retain a low RH over long periods of time. It should also offer protection against events
that may affect the RH around objects, such as long-and short-term fluctuations of external
environments. This simple concept can, in reality, be challenging to achieve [22]. Nearly
30% of museums worldwide struggle to maintain adequate hygrometric levels for their
collections, and almost one in six museums (16%) report that objects have been damaged
due to difficulties of achieving and maintaining environmental parameters, including
temperature and humidity [23].

2. Desiccated Microclimates in the Heritage Sector

Desiccated microclimates are commonly used in the heritage sector to control RH
around objects immediately post-excavation and during longer-term storage and dis-
play [16]. They offer a cost-effective and sustainable solution where large quantities of
objects are reliant on RH control for their preservation without the need for structural cli-
mate control units to be installed. By utilising relatively cheap and reusable materials they
can avoid the need for interventive treatment of objects. They are a “greener” alternative
than many chemical treatments and have a smaller carbon footprint than climate-controlled
stores. The hardware required to set up a desiccated microclimate is an airtight enclosure, a
desiccant and a device to monitor the RH within the enclosure [16,24] (Figure 1). Each of
these play an important part in the overall success of a desiccated microclimate.

10cm

Figure 1. Components of a desiccated microclimate. Examples of (1) airtight enclosure (2) desiccant
and (3) RH monitoring devices.
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2.1. Components of Desiccated Microclimates

An enclosure acts as a host in which desiccation can be achieved on a small scale.
Enclosures used in practice include display cases, metal cabinets and polyolefin containers,
amongst others. To retain a desiccated environment, the airtightness of an enclosure is
critical. No enclosure can provide a hermetic seal as imperfections in materials and design
allow movement of air and moisture vapour between the interior of enclosures and the
external environment [16,25-29]. Diffusion is expected to take place whenever there is a
difference between the internal and ambient environment of an enclosure [16,30]. In the case
of desiccated microclimates, the internal enclosure RH is usually lower than the external
RH. This causes diffusion-driven net movement of water vapour into the enclosure, which
increases the internal RH as it strives to equilibrate with the incoming damp air. RH below
corrosion thresholds is more likely to be achieved in enclosures with good airtightness and
this will prolong the time between maintenance of the desiccated microclimates. Because
of the important role of airtightness, much of the research conducted on microclimates in
display cases and storage has focused on airtightness of enclosures and how to evaluate
this (e.g., [16,26-34]).

A desiccant is placed in an enclosure to lower the RH below corrosion thresholds and
to counteract changes in RH caused by diffusion of water vapour into the microclimate
from the external environment. Regular density (RD) silica gel is commonly used as a
desiccant [35,36]. It is an amorphous silicon dioxide which has an affinity to hydrogen bond
with water molecules via a large surface network of polar silanol groups (Si-OH) [37-39].
It will adsorb water molecules in layers until saturation is achieved, when the amount of
adsorbate is up to 40% of the weight of silica gel [37,40]. The adsorption capacity of silica
gel makes it an excellent material for desiccating microclimates below corrosion thresholds
even where small quantities of gel are used. A significant advantage of using silica gel as
a desiccant is its ability to be reused. Heating the desiccant in elevated temperatures will
break the bonds between water and the silica gel surface, allowing evaporation of water
molecules. This frees up the silanol sites for further adsorption of water vapour.

The large capacity of silica gel to hold water vapour also decreases the rate at which
RH changes within an enclosed desiccated microclimate due to inward movement of water
vapour. As with any adsorbent material, silica gel will respond to an increase in RH by
adsorbing water vapour until equilibrium is achieved [35,36]. This buffering effect offsets
features that compromise the airtightness of enclosures and reduces the rate at which
the RH changes [35,41]. As silica gel absorbs moisture its capacity to desiccate gradually
diminishes and the equilibrium RH it maintains in the enclosed space it is controlling
rises. Therefore, it must be replaced with fresh gel before its equilibrium RH exceeds
corrosion thresholds. Increasing the amount of silica gel within microclimates reduces the
rate at which RH changes by providing a bigger reservoir of adsorbency, which offers more
consistent performance between microclimates, thereby offsetting variations in airtightness
of enclosures [16]. To manage the performance of the silica gel within the enclosure, a mon-
itoring device is essential to ensure that the RH is maintained below target RH thresholds.
Accurate operation and user interpretation of these has significant impact on the success-
ful use of desiccated microclimates as they show whether desiccation below corrosion
thresholds is achieved and indicate when the desiccant requires regeneration [24,28,42—44].

While the components of a desiccated microclimate are straightforward and the role
of each part is clear, the use of each component involves several decisions which each affect
the overall success of the desiccated microclimate. Enclosures utilise different materials
and designs that impact their airtightness [16,26,27,33], monitoring devices have different
practical implications in their use and accuracy [28,42] and the efficacy of silica gel has been
shown to be affected by factors such as the amount included in the enclosure and whether
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damp objects are present [16]. This demonstrates the importance of examining both what
hardware is used and how it is used to allow development of best-practice standards.

Despite these multifactor variables that influence performance of microclimates, their
use in the heritage sector is still largely led by anecdotal success and institutional habit.
Efforts are made to standardise practice, but evidence is still limited to prove and effectively
communicate which variables drive the success of desiccated microclimates and how
different practices affect their performance. Where nearly one in three museums (30%)
report that staff have not received adequate training for managing collections held in
storage [23] this presents risk to objects. The limited application of evidence-based practice
is evident in the varied practices employed for desiccated microclimates for archaeological
metals [16].

2.2. Use of Silica Gel in Desiccated Microclimates

Although it is widely known that silica gel should be used to achieve a low RH
environment in a desiccated microclimate, few guidelines offer any recommendations for
how silica gel should be employed. This has led to considerable variation in the use of
silica gel within desiccated microclimates across the sector. Many do not control or know
the amount of silica gel used in microclimates and regenerate the silica gel on an ad-hoc
basis [16]. A survey revealed that silica gel appears to be mainly held in some form of bag,
either polythene bags (41%) or in Tyvek® or cotton bags where silica gel is pre-weighed
(46%). Fewer practitioners (14%) use silica gel loose in the enclosure [45]. Where polythene
bags are used to hold silica gel, these are most often pierced before use. A variety of tools
appear to be used to pierce bags; from needles, pins and paperclips to bamboo skewers
and hole punches. Most respondents reported piercing holes randomly, while others pierce
between a single hole to two thirds of the bag area [45]. Some indicate that they do not
pierce any holes in polythene bags (Table 1).

Table 1. Preparation methods of polythene bags. Based on 90 responses from a sector-wide study [45].

Example of Devices used in Practice to Number of Holes Reported when Piercing
Pierce Polythene Bags Polythene Bags

Roller pin-pricker None

Home-made device Randomly
Bamboo/wooden skewer One

Paper clip Two-thirds of the bags
Dress-maker wheel All sides 2-3 cm apart
“Pokey thing” 4-5 holes at the top
Scalpel

Dental tools

Pins

Blades

Hole puncher

Sewing pin

Cocktail stick

The effect of practical variations like these has only been studied to a limited extent.
They may affect successful use of desiccated microclimates by impacting the effectiveness
of desiccation and the rate and range of RH change within the enclosure. These are
important parameters for understanding whether RH levels below corrosion thresholds
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are achieved and how often maintenance of the microclimate is required. Previous studies
have established a quantitative relationship between the amount of silica gel used and rate
of change in RH within polyolefin containers [16]. This paper aims to refine procedural use
of silica gel in desiccated microclimates by examining how different methods of packing
equal quantities of silica gel within enclosures affects their performance. This was achieved
by monitoring the RH within polypropylene containers where:

e the size and number of holes in polythene bags containing silica gel were
incrementally increased

e  silica gel was loose or distributed across one or several polythene bags

e silica gel was held in bags made of polythene sheet and spun polythene fibres (Tyvek®)

3. Methods
3.1. Desiccation of Silica Gel and Datalogger Calibration

A mixture of 50% regular density (RD) indicating silica gel (<0.2% methyl violet orange-
green) and 50% regular density non-indicating silica gel (Gee-Jay Chemicals) was desiccated
using a Snol 60/300 LEN (+10—-300 °C, £0.3 °C) oven with temperature controller VC7
ProWIC at 105 °C. Full desiccation was ensured by establishing a constant weight using a
Kern precision balance EW 2200-2 NM (£0.01 g) indicating that the gel did not desorb any
more moisture at this temperature, and by enclosing the desiccated gel within a container
and monitoring its RH using a MadgeTech 101 RH temp data logger (+1.1% RH at 20% RH
and 20 °C) for a minimum of 24 h. For use in the experiment, a total of 84 MadgeTech
101A RH temp loggers were two-point calibrated at 80% RH and 20% RH at 20 °C Binder
KBF720 (£1.5% RH £0.1 °C) climate chamber generating an error between +1.1% RH and
1 + 1.9% RH depending on the humidity.

3.2. Microclimates

The method of establishing microclimates varied with the purpose of the test.

To investigate desiccation capacity of silica gel according to the initial RH at which the box
was closed when setting up the microclimate:

The relationship between the initial RH established within a polypropylene container
used as the microclimate enclosure space and the desiccation process within it was exam-
ined. Six 1 L Lock and Lock containers had their lids removed and were placed in a Binder
KBF720 (£1.5% RH +£0.1 °C) climate chamber at 20 °C and 80% RH for 24 h to equilibrate.
After this time, the chamber was opened and silica gel was placed in the containers. In
three containers, 88 g of silica gel was placed in two self-sealing mini-grip bags (44 g in
each bag) (Table 2). The amount of silica gel was chosen to align the method to previous
studies [16]. The seals on the bags were closed and their top half was folded over before
placing each bag against either end of the containers (Figure 2) [16]. Each polythene bag
was pierced a total of 30 times using 1 mm pins in 30 mm x 20 mm intervals. In the three
other containers, 88 g of loose silica gel was included. A MadgeTech RHTemp101A data
logger programmed to record RH and temperature at 10-min intervals over the test period
was placed inside each container. Containers were closed with their lids and the ambient
environment was set to 20 °C and 50% RH in the climatic chamber. The RH within all
containers was recorded for 13 days as it has been shown that full desiccation capacity can
be achieved within this timeframe when 88 g of silica gel is employed in 1 L Lock & Lock
boxes [16]. This process was repeated for an initial equilibration RH of 50% and 30% RH,
in each case with the closed containers being enclosed in a 50% RH and 20 °C environment
for 13 days.
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Table 2. Summary of hardware use throughout the study. Examined variables highlighted in grey.
PE: polyethylene.

Test No. of. Silica Gel ~ Type of No. of Bag Size Diameter of No. of Ellf;;l]r;ig
Containers  (g) Bag Bags (mm) Holes (mm) Holes (mm)

Desiccation capacity 6 88 PE 2 130 x 90 1 30 20 x 30
by initial RH 6 88 N/A None N/A N/A N/A N/A
10 88 PE 2 130 x 90 None None None

10 88 PE 2 130 x 90 1 15 40 x 60

Piercing bags 10 88 PE 2 130 x 90 1 30 20 x 30

10 88 PE 2 130 x 90 1 45 20 x 20

10 88 PE 2 130 x 90 1 60 10 x 15

10 88 PE 2 130 x 90 1 30 20 x 30

Hole dimensions 10 88 PE 2 130 x 90 2 30 20 x 30

10 88 PE 2 130 x 90 3 30 20 x 30
10 88 N/A None N/A N/A N/A N/A

Silica gel 10 88 PE 1 155 x 103 1 30 20 x 30

distribution 10 88 PE 2 130 x 90 1 30 20 x 30

10 88 PE 4 90 x 77 1 18 20 x 30

500 PE 1 253 x 153 2 70 20 x 30
Buffering capacity 500 Tyvek® 1 240 x 170 N/A N/A N/A
None N/A N/A N/A N/A N/A N/A

5cm

Figure 2. Setup of 1 L Lock and Lock containers illustrating the distribution of 88 g silica gel over
two bags in either end of the container and placement of datalogger.

To investigate the effect of piercing polythene bags:

The impact of piercing polythene bags containing silica gel on a microclimate was
studied by setting up 40 1 L Lock and Lock containers with bags pierced between 0 to
60 times (Tables 2 and 3). Each bag was pierced on both sides with 1 mm pins at different
intervals, depending on the number of holes. 88 g of silica gel was placed in two self-
sealing mini-grip bags (44 g in each bag), their seals were closed and the top half of each
bag was folded over before placing them against either end of the containers (Figure 2).
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A MadgeTech RHTemp101A data logger programmed to record RH and temperature
at 10-min intervals over the test period was placed inside each container. The ambient
environment was controlled to 20 °C and 50% RH in a Binder KBF720 (£1.5% RH £0.1 °C).
The RH within all containers was recorded for 250 days.

Table 3. Containers used in conducted tests and the amount of silica gel used for each size. PP:
polypropylene, Si: silicone.

. Closing . Volume  Seal Length No of

Box Material /e hanism %€ () (cm?) (cm) Locks

PP, Si 1 1140 64 4
Lock & Lock gasket Locks 55 5900 101 1
Stewart
Sealfresh PP Snap seal 6.5 6700 104 None
Stewart PP Smapseal 5.7 5900 100 None
Gastronorm

To investigate the effect of hole dimensions in pierced polythene bags:

The effect of hole dimensions was examined across 30 1 L Lock & Lock containers.
Polythene bags were pierced with pins, needles or bamboo skewers to create different hole
dimensions. Each bag was pierced on both sides a total of 30 times at 20 mm x 30 mm
intervals (Tables 2 and 3). 88 g of silica gel was placed in two mini-grip bags (44 g in each
bag) (Figure 2). The seals on the bags were closed and their top half was folded over before
placing each bag placed against either end of the containers (Figure 2). A MadgeTech
RHTemp101A data logger programmed to record RH and temperature at 10-min intervals
over the test period was placed inside each container. The ambient environment was
controlled to 20 °C and 50% RH in a Binder KBF720 (+1.5% RH =+ 0.1 °C). The RH within
all containers was recorded for 150 days.

To investigate the effect of distribution of silica gel within a desiccated microclimate:

The effect of distribution of silica gel was examined by placing 88 g of silica gel,
either loose or contained across one, two or four bags, in 40 1 L Lock & Lock containers
(Tables 2 and 3). Bag sizes were chosen according to the amount of silica gel to be used
so that each bag was approximately half full and a constant silica gel/bag ratio could
therefore be achieved (Table 2). Each mini-grip bag was pierced on both sides with a pin at
20 mm x 30 mm intervals between 18 and 30 times to maintain a consistent ratio of holes
in bags. The seals on each bag were closed and their top half folded over before placing
each bag against opposite ends of the containers (Table 2). A MadgeTech RHTemp101A
data logger programmed to record RH and temperature at 10-min intervals over the test
period was placed inside each container. The ambient environment was controlled to 20 °C
and 50% RH in a Binder KBF720 (+1.5% RH +0.1 °C). The RH within all containers was
recorded for 270 days.

To investigate the buffering capacity of containers and silica gel when placed either in polythene
or Tyvek® bags:

To evaluate the buffering capacity during short-term RH fluctuations (Table 4) when
silica gel is used in polythene or Tyvek® bags, 500 g of silica gel was placed in 12 containers
of different brands (Table 3). 500 g of silica gel was used as this is understood to be a
standard amount that is commonly used within desiccated microclimates. Six containers
(two of each brand) contained one pierced (Table 2) mini-grip polythene bag with 500 g of
mixed RD silica gel and six containers (two of each brand) contained one Tyvek® bag of
500 g non-indicating RD silica gel (Gee-Jay chemicals), desiccated as per method above.
Three empty containers (one of each brand) acted as a control (Table 2). A MadgeTech
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RHTemp101A data logger programmed to record RH and temperature at 10-min intervals
over the test period was placed inside each container.

Table 4. Fluctuation patterns during 24 h. Each cycle was programmed to run for seven days.

Cycle1 Cycle 2 Cycle 3 Cycle 4

11 h 50% RH 18 h 50% RH 6 h 50% RH 12 h 50% RH
1h 80% RH 6 h 80% RH 6 h 80% RH 12 h 80% RH
11 h 50% RH 6 h 50% RH

1h 80% RH 6 h 80% RH

Differences between the resulting microclimates according to silica gel bag material
were examined by exposing the closed containers to short-term fluctuating RH cycles
(Table 4). A Binder KBF240 (+1.5% RH +0.1 K) was used to produce high RH events of
differing lengths at 20 °C. Each cycle was run for seven days. Before and between each
cycle, ambient conditions were set to 20 °C and 50% RH for 24 h as a baseline. The test was
run for a total of 32 days.

4. Results
4.1. Influence of Initial RH

No relationship is evident between the initial RH and the desiccation capacity of the
silica gel. All containers within an identical setup display a similar low RH regardless of
the RH in a container when first closed. The RH at the time of closing the container affects
the time taken to achieve full desiccation. It takes longer to achieve minimum RH when the
RH at the time of closing a container is higher (Table 5). The desiccation behaviour varies
depending on whether silica gel is loose or within polythene bags. Containers with loose
silica gel are desiccated more rapidly and achieve an overall lower RH than containers
containing silica gel in pierced polythene bags (Figure 3). Plotting the rate of desiccation
against the square root of time illustrates that the adsorption of water vapour during the
initial desiccation of the microclimates is mainly a diffusion process, and shows that the
differences in desiccation rates are more pronounced when silica gel is held in polythene
bags (Figure 3, Table 5). All containers tested here achieved an internal RH below 15% RH
within 7 h (Figure 3).

Table 5. Minimum RH and time to reach minimum RH in 1 L Lock & Lock containers where 88 g of
silica gel is loose or placed in polythene bags at different RH environments.

Loose Polythene Bags
RH% at closure 30 50 80 30 50 80
Minimum RH%
Mean 0 0 0 4.8 3.8 3.4
Range 0 0 0 14 0.4 0.4
SD 0 0 0 0.58 0.2 0.2

Time to reach minimum RH% (hours)
Mean 4 11 14 173 178 305
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Figure 3. Desiccation rates of 88 g silica gel in 1 L Lock & Lock containers when (A,B) loose and
(C,D) in polythene bags where the initial RH values vary between 30% RH and 80% RH. Linear

timelines (A,C) are plotted against square root of time (B,D) to highlight differences in desiccation
rates. Insets show detail of the first 24 h.

4.2. Influence of Piercing Polythene Bags

Silica gel held in bags that have not been pierced shows a different desiccation be-
haviour and change in RH compared to where silica gel is placed in pierced bags (Figure 4).
The ranges of the RH in containers with silica gel in pierced bags show considerable overlap
but examination of the averages evidences general trends (Table 6).

30
25 J

N
o

Relative Humidity %
>

10 4
5 E
0 . , . . . , , ,
0 30 60 90 120 150 180 210 240
Time (days)

Figure 4. Change in RH within 1 L Lock & Lock containers where 88 g of silica gel is placed in
polythene bags pierced a varying number of times. Key indicates how many times each bag is pierced.



Heritage 2025, 8, 240

10 of 26

Table 6. Minimum RH, time to reach minimum RH and the RH at 250 days when 88 g of silica gel is
placed in polythene bags with different piercing intervals in 1 L Lock & Lock containers.

No. of Holes 0 15 30 45 60
i;?ﬁﬁi:?;;covered 0.05 0.1 0.15 0.2
Minimum RH%

Mean 16.1 3.8 1.7 0.2 0.4
Range 1.8 34 5.2 1.2 2.7
SD 0.79 1.03 1.59 0.36 0.84
Time to reach minimum RH% (h)

Mean 6 131 133 88 76
RH% at 250 days

Mean 26.1 16.6 18.8 16.9 17.4
Range 4.7 8.4 8.5 9.1 9.8
SD 1.49 2.65 2.94 3.19 2.83

The RH in all containers decreases when silica gel is placed within them (Figure 4).

In containers with bags that have been pierced, RH levels below corrosion thresholds

(15% RH) are readily achieved. A compromised desiccation capacity of silica gel in bags

that have not been pierced is evident as a significantly slower initial desiccation rate and
a higher minimum RH (16 + 1.8% RH) (Figures 4 and 5, Table 6) than any setup where
bags of silica gel have been pierced. The consistency in performance between containers

and initial desiccation rates generally improve with increasing number of holes (Figure 5),

although no meaningful difference can be shown between silica gel in bags that have been
pierced between 30 and 60 times (Figure 6, Table 6).

30 -
25 1
= P
55 X ©000600600000¢
315 1
o) A X
2 o %
] 1 X .
§10 é AXXXX*XX*
i X X X % 3 : -
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OORGSRAAAAAAAAAN
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02468101214161
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o0

X15
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045
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Figure 5. Rate of desiccation during the first 24 h of the study where mean data from each sample set

is presented in one-hour intervals. Error bars represent the standard deviation of that datapoint. Key

indicates how many times each bag is pierced.
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Figure 6. Boxplot of the (A) minimum RH and (B) RH at 250 days showing the spread of data. In
all boxplots presented here, the box represents the interquartile range, the horizontal line within
the box denotes the median, the x shows the mean and the upper and lower whiskers represent the
maximum and minimum values. A circle shows an outlier, defined as being between 1.5 and 3 times
the interquartile range from the upper or lower quartile.

After the minimum RH is reached, the RH within all containers increases. The rate of
change in RH is slowest in containers with bags containing no holes, followed by containers
holding bags with 15 holes (Figures 4 and 7). The rate of change in RH in containers with
bags pierced between 30-60 times is similar throughout the study (Figures 4 and 7). The
range of performances and standard deviation of the mean in each setup increase as the RH
within the containers increases towards the ambient RH (Figure 7, Table 6). At 250 days,
the RH in containers with bags that have not been pierced is on average a minimum of
7.3% RH higher than any other setup (Figures 6 and 7, Table 6). There is no meaningful
difference between the end RH achieved where bags have been pierced.
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Figure 7. Rate of change in RH throughout the period of study presented as the mean of each sample
set at 30-day intervals. Error bars represent the standard deviation of that datapoint. Key indicates
how many times each bag is pierced.
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4.3. Influence of Size of Holes

Plotting all data shows an overlap between RH values for containers with different
hole sizes in polythene bags and with loose silica gel (Figure 8, Table 7). Loose silica gel
produces the lowest RH, followed by silica gel in bags pierced with J3 mm holes. &2 mm
and J1 mm holes produce a similar minimum RH (Table 7), although some overlap can
be seen between all containers with silica gel in polythene bags (Figure 9). Loose silica
gel displays the fastest initial desiccation rate, followed by silica gel in bags pierced with
@3 mm holes. @2 mm and &1 mm holes produce a similar rate of desiccation (Figure 10).
All setups achieve an RH below accepted corrosion thresholds (15% RH).

50 -
E I1mm
{ 2mm
40 | 3mm
3 i Loose
> |
S50
g9
>S5 1
e |
220
©
(0]
(e
10
O ‘J’ - 1 I T T 1
0 30 60 90 120 150

Time (days)
Figure 8. Change in RH within 1 L Lock & Lock containers where 88 g of silica gel is placed in

polythene bags with different diameter holes. Key indicates the size of each hole in diameter (mm).

Table 7. Minimum RH, time to reach minimum RH and the RH at 150 days when 88 g of silica gel is
placed in polythene bags with different piercing intervals in 1 L Lock & Lock containers.

Hole Size (& mm) Loose 1 2 3
}Sl‘;g:ie /f)rea covered by NA 0.1 0.4 0.9
Minimum RH%

Mean 0.3 5.0 4.8 29
Range 1.3 5.7 3.8 2.5
SD 0.4 1.6 1.2 0.7
Time to reach minimum RH% (h)

Mean 105 216 229 260
RH% at 150 days

Mean 7.6 10.8 10.0 8.8
Range 6.3 4.6 53 3.7

SD 1.9 1.4 1.7 14
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Figure 9. Boxplot of (A) the minimum RH and (B) RH at 150 days (B) showing the spread of data.
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Figure 10. Rate of desiccation during the first 24 h of the study where mean data from each sample
set is presented in one-hour intervals. Error bars represent the standard deviation of that datapoint.
Key indicates the size of each hole in diameter (mm).

After the minimum RH is reached, the RH increases in all containers. Loose silica gel
demonstrates the highest rate of change in RH, while the rate is similar in all containers
where silica gel is held in polythene bags (Figure 11, Table 7). At the end of the study, the
mean RH in containers with loose silica gel is lower than other containers (Table 7) but
there is an overlap in data between all setup types (Figure 9). The range and standard
deviation in all setups increase as the RH increases within the microclimates towards the
ambient external RH (Table 7).
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Figure 11. Rate of change in RH throughout the period of study presented as the mean of each sample
set at 30-day intervals. Error bars represent the standard deviation of that datapoint.

4.4. Influence of the Distribution of Silica Gel

Plotting all data shows an overlap between the RH in containers with different dis-
tributions of silica gel, however the RH is higher overall where silica gel has been packed
in one bag (Figure 12). All setups achieve an RH below accepted corrosion thresholds
(15% RH). Silica gel placed in two or four bags desiccates the microclimate similarly and
achieves a lower minimum RH than silica gel placed in one bag (Figure 13, Table 8). The
initial rate of desiccation is faster where silica gel is placed in two and four bags than silica
gel in one bag, however silica gel in four bags reaches the minimum RH before silica gel
placed in two bags (Figure 14, Table 8). Examination of the data ranges suggests that the
minimum RH achieved is more consistent when silica gel is placed in two or four bags than
silica gel in one bag (Figure 14).
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Figure 12. Change in RH within 1 L Lock & Lock containers where 88 g of silica gel is placed in
varying numbers of polythene bags. Key indicates the number of bags silica gel is distributed over.
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Figure 13. Boxplot of (A) the minimum RH and (B) RH at 270 days showing the spread of data.

Table 8. Minimum RH, time to reach minimum RH and the RH at 270 days when 88 g of silica gel is

placed in varying numbers of polythene bags in 1 L Lock & Lock containers.

No. of Bags 1 2 4
Surface area covered by holes (%) 0.07 0.1 0.1
Minimum RH%
Mean 3.8 0.5 0.5
Range 4.2 14 2.0
SD 1.2 0.4 0.6
Time to reach minimum RH% (h)
Mean 14 52 21
RH% at 270 days
Mean 13.7 11.8 11.9
Range 6.9 53 6.8
SD 2.0 1.9 2.6
Increase in RH (mean) 9.9 11.3 11.5
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Figure 14. Rate of desiccation during the first 24 h of the study where mean data from each sample

set is presented in one-hour intervals. Error bars represent the standard deviation of that datapoint.

Key indicates the number of bags silica gel is distributed over.
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When the minimum RH has been reached, the RH increases in all setups. The rate
of change in RH is slower where silica gel is placed in one bag than any other setup
(Figures 12 and 15). No significant rate differences are evident between two and four bags.
The RH in all containers at 270 days shows no significant difference and an overlap in RH
values is evident between setups (Figure 13, Table 8). Overall, the range and standard
deviation increases as the RH changes within the microclimates towards the ambient RH
(Figure 13, Table 8).
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Relative Humidity %

¢
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Figure 15. Rate of change in RH throughout the period of study presented as the mean of each sample
set at 30-day intervals. Error bars represent the standard deviation of that datapoint. Key indicates
the number of bags silica gel is distributed over.

4.5. Responses to Short-Term Fluctuations

The climatic chamber did not readily achieve 80% RH during short fluctuation events
but often remained between 70-75% RH during periods of high RH. At the end of the study
the chamber failed (Figure 16). The amount of silica gel used desiccated each container with
little difference between container brands and all setups achieve an RH below accepted
corrosion thresholds (15% RH). The minimum RH is higher in containers with silica gel
in polythene bags, although these values are within or near the error of the dataloggers.
Silica gel in Tyvek® bags desiccates containers more rapidly and to a lower RH than in
polythene bags. Silica gel in Tyvek® bags achieve full desiccation capacity at 10 and 23 h,
as compared to silica gel in polythene bags which required 225 and 233 h (Table 9). After
minimum RH is achieved it begins to increase in containers with silica gel in polythene
bags. The minimum RH is retained for the duration of the test when silica gel is used in
Tyvek® bags (Table 9).
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Figure 16. Response to short-term fluctuations within 5-6.5 1 containers that are either empty or 500 g
of silica gel is placed in polythene or Tyvek® bags. (A) Stewart Gastronorm (B) Stewart Sealfresh
(C) Lock & Lock.

Empty containers show some buffering capacity. Their response is smallest in cycle 1,
where high RH fluctuations are the shortest. During these short fluctuations, empty
containers can resume their initial RH between fluctuations. The response of empty
containers became more significant with the length of each high RH fluctuation. Empty
containers demonstrate a gradual rise in RH over time (Figure 16) as there is insufficient
time between fluctuation cycles for these containers to resume 50% RH. Small differences
in responses can be seen depending on the type of container, with Stewart Sealfresh
demonstrating the least response in internal environment when subjected to ambient
short-term fluctuations (Figure 16).

Containers with silica gel in polythene bags respond to all fluctuation cycles similarly
to empty containers during short-term fluctuations (cycles 1-3) although the RH is overall
lower (Figure 16). Some variation in response can be seen within container brands but not
outside the error of the datalogger and is therefore not reported. Responses to fluctuations
are shown immediately as the ambient RH is raised within each container and the RH can
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be seen to continue to rise during the length of time the ambient RH is high. It decreases
immediately after the ambient RH falls.

Table 9. Minimum RH, time to reach minimum RH and the RH at 32 days when 500 g of silica gel is
placed in polythene or Tyvek® bags in 5-6.5 L containers of different brands.

Lock & Lock Stewart Stewart Sealfresh
Gastronorm

Minimum RH%
Container no. 1 2 1 2 1 2
Polyethylene bags 2.1 1 0.9 1.1 0.2 -
Tyvek® 0 0 0 0 0 0
Time to reach minimum RH% (h)
Polyethylene bags 228 233 232 222 225 -
Tyvek® 17 23 12 17 10 17
RH% at 32 days
Polythene bags 2.6 14 1.2 14 0.3 -
Tyvek® 0 0 0 0 0 0

In containers with silica gel in polythene bags, desiccation had not been completed
within the first 24 h, and the continued decrease in RH is more significant than the RH
increase during cycle 1 (Table 10). During six to 12 h of periods of high ambient RH in
cycles 2—4 the RH rises but resumes the RH it was before the fluctuation event. Within
these containers, it takes around 12 h for the RH to resume the value before the start of the
fluctuation event (Table 10).

Table 10. The average increase and decrease in RH between containers during and between fluctuation
events. * The decrease in RH becomes smaller as RH approaches the full desiccation capacity.

Container Setup

Empt Polyth Tyvek®

Cycle Environment Py oyTene Ak
Increase  Decrease  Increase = Decrease Increase  Decrease
RH% RH% RH% RH% RH% RH%

1 11 h 50% RH 1 h 80% RH 1.5 1.5 1 1.5* 0 0

2 18 h 50% RH 6 h 80 2 1.4 2 2 0 0

3 6 h 50% RH 6 h 80% RH 2 1 2 1.8 0 0

4 12 h 50% RH 12 h 80% RH 4 3 2.2 22 0 0

All containers containing Tyvek® bags have reached full desiccation within the first
24 h when the environment is 50% RH (Table 9, Figure 16). Containers with silica gel in
Tyvek® bags do not respond to any of the examined fluctuation events (Table 10).

5. Discussion

Consistent standardisation was attempted when conducting all parts of the study
in order to identify trends in datasets. Despite this, variations in results using identical
setups are evident throughout the study. Differences in desiccation rates are likely due to
variations in RH when closing containers at the beginning of a test. Other variations, such
as the minimum RH achieved and the rate of RH change is likely an effect of the containers
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that the tests are conducted in. Over 80 1 L Lock & Lock containers have been used within
this study. These have been acquired in sets at different times. Differences in airtightness
caused by small inconsistencies in design [16], use or age are likely to have affected the
seal and consequently the ability of microclimates to perform consistently. Variation in
airtightness between containers within the same sample set is evident as differences in
rates of change in RH over time. This explains why the range and standard deviation of RH
within sample sets is seen to increase, as silica gel desiccates the microclimate uniformly,
but the subsequent rate of change is largely dependent on the airtightness of the container.
The effect of airtightness is further exaggerated by the small amount of silica gel used,
which has been shown to be insufficient to effectively reduce the effect of variation in
airtightness between enclosures [16]. Similar spread in performances and rate of change in
RH have been seen in previous test using 88 g of silica gel [16].

With this in mind, results such as the minimum RH and maximum RH achieved are
only helpful to compare general performance trends. Further variation in the results can
be expected if, for example, brand, design and volume of containers differ. The results
achieved here confirm the important role of airtightness of containers and illustrate the
intrinsic links between all variables driving successful performance of microclimates.

5.1. Ambient Conditions When Setting Up Desiccated Microclimates

In practice, microclimates are set up in a range of different climates, from dry to humid
environments depending on, for example, geographical location, seasonal fluctuations
and weather patterns. It is therefore reasonable to assume that the amount of atmospheric
moisture that the silica gel needs to adsorb varies depending on the environment in which
the containers are closed. Theoretically, silica gel is able to adsorb a significant amount of
water vapour relative to its weight. Assuming that RD silica gel can desiccate up to 40% of
its own weight, microclimates using 88 g of silica gel within this study should theoretically
be able to remove 35.2 g of water vapour and 500 g up to 200 g of water vapour.

It is possible to calculate hypothetically the absolute quantity of water vapour in the
air within a container, using the ideal gas law:

PV = nRT (1)

where P is pressure in atmospheres, V is volume in litres, n is the amount of substance in
mol, R is the ideal gas constant and T is temperature in Kelvin. Assuming that the container
is hermetically sealed, that air is perfectly mixed, the temperature is consistent at 20 °C and
water vapour behaves like an ideal gas, the mass of water within the containers used in this
study is significantly below the saturation threshold for the amount of silica gel included
within the containers when silica gel is dry (Table 11).

Table 11. The theoretical amount of water vapour in containers used within this study at different
RH when the temperature is 20 °C.

30% RH 50% RH 80% RH
Water vapour g/m?> 5.187 8.645 13.832
Water vapour (g) 1140 cm® 1 L Lock & Lock ~ 0.006 0.010 0.016

Water vapour (g) 5900 cm® 5.5 L Lock & Lock
5.7 L Stewart Gastronorm

0.031 0.051 0.082

Water vapour (g) 6700 cm® 6.5 L Stewart

Sealfresh 0.035 0.058 0.093
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The results of this study confirm that the amount of silica gel used in all containers is
sufficient to fully desiccate the microclimate consistently at different initial RH when silica
gel is loose or held in Tyvek® bags (Figures 3, 8 and 16). The main effect of varying RH
when closing the container is on the rate of desiccation. As more water vapour is required
to be adsorbed by the silica gel in higher RH, the time to reach maximum desiccation
capacity (minimum RH) is extended (Figure 3).

Despite the capacity of silica gel to fully desiccate the microclimate, full desiccation
does not consistently occur where silica gel is held in polythene bags and rate of desiccation
is slower than when silica gel is loose or held in Tyvek® bags. Reasons for this and variables
affecting desiccation efficacy of silica gel in polythene bags is explored below.

5.2. Variables Affecting Desiccation Efficacy

Effective adsorption of any molecule on an adsorbate requires collision to take place
between the adsorbate molecule and the adsorbant. In the context of this study, water
molecules need to strike the surface of the silica gel for adsorption, and consequently desic-
cation, to occur [46]. The most effective and consistent adsorption of water vapour therefore
occurs in setups where access between silica gel and water vapour is best facilitated. This
is evident by comparing the RH in containers with loose silica gel to containers with silica
gel held in bags. Desiccation rates are faster and full desiccation consistently occurs when
silica gel is loose within containers. Comparing this to setups where water adsorption is
prevented by a barrier, such as unpierced polythene bags, provides a stark example of this
effect. The difference in desiccation capacity and rate of desiccation between loose silica
gel and silica gel held in polythene bags suggest that the polythene bags present a barrier,
preventing or delaying adsorption of water vapour. Grip seal polythene bags are typically
made with low density polyethylene (LDPE) sheet material. Although not completely
impermeable due to their branched polymer configuration, LDPE exhibits relatively low
water vapour transmission properties [47,48], making it an extensively used material where
low water vapour transmission is desirable, such as food and medical packaging and as a
barrier material in construction applications. These properties prevent efficient diffusion of
water vapour between the container and the bag which is necessary for adsorption to occur.
Silica gel in Tyvek® bags was shown to desiccate the environment to a greater extend and
at a faster rate than silica gel in polythene bags. Although both Tyvek® and polyethylene
grip seal bags are made of polyethylene (PE), their manufacturing processes are different.
Tyvek® is a spun high density polyethylene fibre (HDPE) and designed to allow diffusion
of water vapour between the filaments [47,49].

Manipulating polythene bags to improve their diffusion properties has been demon-
strated to be essential for allowing microclimates to achieve desiccation below corrosion
thresholds. Piercing as little as 0.05% of the total surface area of a polythene bag using 1 mm
implements offers sufficient airflow for desiccation to take place. Increasing the number
of times a bag is pierced, or increasing the hole sizes, provides improved opportunity
for adsorption. This allows for more rapid desiccation and could offer a more consistent
minimum RH between containers. Increasing piercing intervals or hole sizes may achieve
lower overall minimum RH, but no statistically significant differences were achieved in
this study. Manipulating bags in the manner examined here did not offer any significant
advantage to benefit the longevity of the silica gel before maintenance is required, as the
RH was similar at the end of each test. Regardless of how 88 g of silica gel was used, the
ratio of silica gel to volume of container (approximately 5% of total volume (cm?)) would
require annual maintenance if the acceptable threshold is 15% RH when the external RH is
50% RH. More significant differences in results may be found where the hole intervals or
size intervals are greater.
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Similarly, distributing silica gel across two or more bags allows more effective and con-
sistent adsorption of water vapour within containers than holding it in one bag. Spreading
the silica gel increases the likelihood of adsorption occurring, as access to silica gel surface
area increases. Within this study, this was shown in more rapid desiccation rates and more
consistent minimum RH achieved when the same amount of silica gel was distributed
over two or four bags. Distributing the silica gel over several bags could, however, not
offer a demonstrable benefit to the longevity of silica gel and time to regeneration of silica
gel, as the RH was similar in all containers at the end of the study. It is easier and more
time-effective to access silica gel in two bags for regeneration than four.

Variations in gradients suggest that the rate of change in RH is mainly driven by the
difference between the internal and ambient external RH when the quantity of silica gel is
constant. This explains the comparable RH reached at the end of each test, regardless of
how the variables within the test changed, and is consistent with results achieved in empty
containers [16]. Increasing the amount of silica gel could decrease this effect and prolong
the time between maintenance of the silica gel.

5.3. Silica Gel as a Buffer Against Short-Term Fluctuations

When compared to Tyvek®, the barrier to water vapour presented by polythene means
that when silica gel is contained in polythene bags, it is not as effective a buffer against
short-term fluctuations in RH as when it is contained in Tyvek® bags. In these scenarios, the
container itself will be the primary buffer against RH fluctuations. The RH remains below
corrosion threshold during short-term fluctuations in this study. Provided there is enough
recovery time between short fluctuation events, the desired RH within the microclimate
can be maintained. With longer fluctuations, more significant changes in RH the containers
can be seen (Figure 16). Over time, the RH is expected to increase by diffusion in a similar
pattern as seen in other tests in either setup.

The silica gel distributed in the polyethene bags is a mixture of indicating and clear
silica gel while the silica gel in Tyvek® bags is clear silica gel. Both types are regular density
(RD) type silica gels and therefore have similar properties. It is, however, acknowledged
that indicating and clear silica gel have slightly different hysteresis and therefore different
specific moisture reservoir (My) values. The difference has been measured by others to
be around 0.56 g/kg for a 1% RH change at 20 °C between 20-30% RH [41]. This value is
considered small and to have a negligible impact on the results. A repeat of the test using
either indicating or clear silica gel can confirm this.

5.4. Practical Considerations

All setups examined here allowed for desiccation of the microclimates below accepted
corrosion thresholds. The ambient environment and the initial RH of the container when
microclimates are set up has no significant implications for silica gel achieving an RH below
corrosion thresholds when sufficient silica gel is used.

Containing silica gel loose within a container can produce lower RH values and more
rapid desiccation but has practical implications. Guidelines discourage direct contact
of objects with silica gel [50,51] and when regeneration is required, all objects must be
removed from the container to access silica gel. It is further not known how placing objects
on top of loose silica gel affects its desiccation properties. The potential impact of this
should be examined.

Silica gel in Tyvek® bags shows superior desiccation properties and response to
fluctuations as compared to silica gel in polythene bags. Tyvek® is generally a more
expensive material than polythene bags, both as pre-weighed polythene bags or sheet
material. Acquiring pre-weighed Tyvek® bags offer an initial advantage in setting-up time
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but the range of weights available is limited. Customisation of bags can be achieved using
Tyvek® fabric but is more labour intensive than using polythene grip-seal bags and may
not be practical in some contexts, such as when desiccated microclimates are employed
on archaeological site immediately after excavation. As Tyvek® is opaque, it rules out the
use of indicating silica gel to monitor RH within microclimates. It is likely that due to
the nature of material, more consistent performance can be expected from Tyvek® than
polythene bags by removing discrepancies caused by inconsistent methods of piercing bags,
but this needs further examination. Tyvek® has a higher melting point (135 °C [52] than
LDPE (106-112 °C [53]). Silica gel can therefore be reconditioned in bags and may offer a
time-saving measure compared to LDPE bags where silica gel is typically removed from
the bags before reconditioning. Note that recommended temperatures for reconditioning
silica gel varies between 65 °C and 150 °C [35,41,50,54,55] and that neither bag is suitable to
use in some of the higher recommended regeneration temperatures. 95% of adsorbed water
vapour has been shown to be removed at 90 °C [37] and can therefore be recommended a
minimum temperature for conditioning silica gel until the results of further examination of
effective regeneration procedures are made available.

Containing silica gel in polythene bags is a cost-effective option and can effectively
achieve desiccation below corrosion thresholds if pierced a minimum of 0.05% of the surface
area of the bag used with implements that are a minimum 1 mm in diameter. Further
manipulation of the bag to increase the surface area covered by holes, such as increasing
hole size or number of holes, or distributing silica gel over several bags can offer advantages
of faster desiccation rates and lower minimum RH achieved, but offers no demonstrable
benefit in the rate of change in RH and silica gel maintenance intervals for microclimates
where the amount of silica gel is constant.

A significant benefit for practice is that increasing size or number of holes in bags and
distributing silica gel further within a container can offer more consistent performance
between microclimates. Predictability allows for better understanding of when silica gel
requires regeneration and is therefore important to produce effective management regimes.
Recognising the significance of predictability, users of microclimates should, as far as
possible, be consistent in their setup. Where larger surface area of hole coverage is sought,
larger implements offer a significant benefit where the same surface area can be achieved
with fewer number of holes as compared to smaller implements (Figure 17). As there is no
apparent cost-implication or significant time-implications, using any tool that achieves a
minimum of &3 mm holes in bags covering at least 0.15% of the total surface area of the
bag used can be recommended.
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Figure 17. Number of holes required in standard PA-sized bags to achieve different hole coverage of
total surface area of bags. (A) 1 mm implements (B) &2 mm implements (C) & 3 mm implements.
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5.5. Guidelines for Use of Desiccated Microclimates for Heritage Metals

In combination with previous studies [16], it is now possible to refine the effective use
of desiccants in desiccated microclimates:

e Never use desiccant to attempt to dry damp terrestrial archaeological metals

e Choose an amount of silica gel to suit your management regimes. If no corrosion
thresholds (15% RH) is desirable in an ambient environment of 50% RH (note that
these recommendations only apply to a proven airtight enclosure [16]:

O 44 g of silica gel per L of enclosure can be expected to need maintenance
four times per year

O 88 g of silica gel per L of enclosure can be expected to need maintenance biannually

O 176 g of silica gel per L of enclosure can be expected to need maintenance annually

O 352 g of silica gel per L of enclosure can be expected to need maintenance every
four years

e If storage environments are uncontrolled and include periods of high humidity, it is
appropriate to double these values to achieve the same lifespan

e Use permeable materials, such as Tyvek® bags, to contain silica gel in order to
achieve full desiccation of a microclimate effectively and to counteract short-term
RH fluctuations

O Polythene bags may offer a cost-effective option for temporary storage and
customised use

O A monitoring device is essential as indicating silica gel cannot be seen within
Tyvek® bags

e  Polythene bags must be pierced

O Implements used to pierce holes should be > 3 mm

O A minimum of 0.15% of the bag area should be pierced with holes

O Holes should be distributed across bags to achieve good airflow between the
desiccant and the enclosure

e Distribute silica gel over a minimum of two bags within a container
e Be consistent in setup (amount of silica gel/bag size/hole size/number of holes/
distribution) to offer predictability of desiccant performance

This guidance can be applied according to the means and aims of different collections
with known implications of the efficacy of desiccated microclimates.

6. Conclusions

The implications of using silica gel in a range of ways that simulate reported practices
have been examined for the first time. The outcomes demonstrate which variables affect ad-
sorption of water vapour by silica gel and how internal RH of containers changes depending
on how silica gel is used. Comparison between different methods of setting up desiccated
microclimates shows that materials chosen and practices used to prepare silica gel for use
in desiccated microclimates can influence its success as a desiccant. Work is ongoing to
further evaluate variables affecting successful use of desiccated microclimates, including:

Continuing investigation of the airtightness of commonly used containers
Examining the effect of ambient temperature and RH on airtightness of containers
Evaluating the effect of packing density on the rate of humidity change within containers

Assessing the performance of low-permeability Escal bags for use as an enclosure
material for desiccated microclimates

e  Evaluating how methods of stacking containers with different seal mechanisms affect
their performance
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e  Cost-benefit appraisal of regeneration procedures for silica gel
e [Establishing successful tools for monitoring the environment within
desiccated microclimates

This work is performed with the goal of creating transparent, cost-effective, sus-
tainable and predictable management strategies to ensure long-term preservation of
archaeological metals.
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